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Bacillus Calmette–Guérin (BCG), the only licensed vaccine against tuberculosis, has 
been shown to provide heterologous protection against unrelated pathogens and 
enhance antibody responses to several routine expanded program on immunization 
(EPI) vaccines. Understanding these heterologous effects is important for the develop-
ment of optimal vaccination strategies. We set out to assess the effect of vaccination 
with BCG Russia of 6-week-old infants on in vitro reactivity to a panel of toll-like receptor 
(TLR) agonists (TLR2, 4, and 7/8) and heat-killed pathogens [Streptococcus pneumo-
niae, Candida albicans (CA), and Escherichia coli], and antibody responses to other EPI 
vaccines compared to BCG naïve infants. We observed no effect of BCG vaccination 
on innate (TNF-α) or Th2 (IL-4) cytokine responses, but found enhanced CA-specific 
CD8+IFN-γ+ responses in BCG vaccinated males and females 1 week after vaccina-
tion and decreased IFN-γ:IL4 ratio to SP in females. By 12 weeks (but not 1 week) 
of post-vaccination, there was significant downmodulation of Th1 cytokine responses 
in BCG vaccinated infants; and TLR-stimulated IL-10 and IL-17 responses declined 
in BCG vaccinated females but not males. Significant changes also occurred in the 
BCG naïve group, mainly at 18 weeks, including decreased Th1 and increased IL-10 
responses. The effects at 18 weeks were most likely a result of immune modulation by 
the intervening EPI vaccines given at 8, 12, and 16 weeks of age. There was no effect of 
BCG vaccination on EPI antibody levels at either time point. Taken together, our results 
support minimal early heterologous immune modulation by BCG Russia vaccination that 
did not persist 12 weeks after vaccination.
Keywords: vaccine, toll-like receptors, non-specific effects, heterologous effects, cytokines, innate immunity, 
adaptive immunity
TaBle 1 | Vaccines given throughout the study.
Bcg group control group
Birth OPV, HepB OPV, HepB
6 weeks Bcg Nil
8 weeks Penta 1 (Hib, HepB, 
DTwP), PCV-13, OPV
Penta 1 (Hib, HepB, DTwP), PCV-13, OPV
12 weeks Penta 2 (Hib, HepB, 
DTwP), PCV-13, OPV
Penta 2 (Hib, HepB, DTwP), PCV-13, OPV
16 weeks Penta 3 (Hib, HepB, 
DTwP), PCV-13, OPV
Penta 3 (Hib, HepB, DTwP), PCV-13, OPV
18 weeks TST TST then Bcg
All vaccines given to study infants from birth to the end of the study at  
18 weeks of age.
OPV, oral polio vaccine; HBV, hepatitis B vaccine; BCG, bacillus Calmette–Guérin 
vaccine; Penta, pentavalent vaccine; PCV-13, 13-valent pneumococcal conjugate 
vaccine; DTwP, diphtheria-tetanus-whole cell pertussis vaccine; Hib, Haemophilus 
influenzae group b vaccine; TST, tuberculin skin test.
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inTrODUcTiOn
Tuberculosis (TB) is a significant public health problem with 
approximately two billion people infected globally (1). Bacillus 
Calmette–Guérin (BCG) is the only licensed vaccine against TB, 
and while it provides good protection against disseminated TB in 
childhood, it has poor efficacy against adult pulmonary TB (2, 3). 
Several reasons have been given for the variability in efficacy 
throughout the world, including, but not limited to, different 
strains of BCG vaccine (4–6), geographical location (7), and age 
at vaccination (8, 9).
Neonates have Th2-biased immunity and are thus susceptible 
to microbial infections requiring Th1 immunity for clearance, 
such as TB (10–12). Despite this, BCG vaccination at birth can 
induce a robust adaptive immune response, inducing poly-
functional Th1 cells (13–15) and Th17 cells (8, 16–18). Besides 
inducing a classical antigen-specific T  cell response, BCG 
vaccination also induces an innate immune response involving 
dendritic cell activation, natural killer (NK) and NK T  cells, 
and neutrophils (19–22). The innate immune system plays a 
critical protective role against infectious diseases throughout 
life, inducing a rapid immunological response against invading 
pathogens prior to the generation of adaptive immunity. This is 
particularly important in early life when adaptive immunity is 
poorly developed.
Toll-like receptors (TLRs) expressed by host immune cells rec-
ognize pathogen-associated molecular patterns (PAMPs), requi-
red for microbial recognition by macrophages and dendritic cells 
(23, 24). TLR ligands have been used in murine models as vaccine 
adjuvants, leading to enhanced Th1 responses (25). Certain TLR 
polymorphisms have been associated with an increase in BCG 
induced Th-1 type responses in whole blood 10  weeks after 
BCG vaccination in South African infants (26). Furthermore, 
BCG has been shown to induce epigenetic reprogramming of 
innate immune cells toward a pro-inflammatory profile charac-
terized by increased IFN-γ, TNF-α, and IL-1β in both murine 
models and adult European individuals (27). These studies showed 
that innate cells exhibit characteristics of adaptive immunity or 
adaptation to secondary infection in a process termed “trained 
immunity.” This immune training by BCG vaccination was 
further able to enhance innate immunity to other unrelated 
pathogens including Candida albicans (CA), Staphylococcus 
aureus, and Streptococcus pneumoniae (SP) (27).
Epidemiological studies dating back to the 1940s have sug-
gested that BCG vaccination provides protection against unre-
lated infections, and vaccination is associated with a decrease in 
all-cause mortality in certain settings (28). A meta-analysis of 
clinical trial data from the US and UK in the 1940s and 1950s 
estimated a 25% reduction from diseases other than TB when 
BCG was given (29). Randomized controlled trials in Guinea 
Bissau have shown that BCG vaccination of low birth weight 
neonates is associated with an almost 50% reduction in all-cause 
mortality in the first few weeks of life, mainly from unrelated 
infections (30). In an analysis of almost half a million child-
hood hospitalization episodes in the official Spanish registry, 
BCG vaccination was associated with a 32.4–66.6% reduction 
in hospitalization due to respiratory infection, and a 52% 
reduction in sepsis in <1-year olds (31). Similarly, data from 
two large cohorts of children (n = 58,021 and 93,301) from 19 
countries found a 17–37% reduction in acute lower respiratory 
tract infection in BCG vaccinated children (32). Other evidence 
for non-specific effects of BCG include its widespread use as a 
therapeutic agent against bladder cancer (33) and as an adjunc-
tive therapy for malignant melanoma (34). BCG has also been 
shown to boost antibody responses to other expanded program 
on immunization (EPI) vaccines supporting an adjuvant effect 
in humans (15, 35).
Interestingly, non-specific effects of vaccines have been 
shown to manifest differently in the sexes, with females generally 
being more susceptible than males to the non-specific effects of 
vaccination (36–38). Indeed, the protection against death in the 
low birth weight studies occurred in the first 3  days of life in 
males and after 1 week in females, suggesting different mecha-
nisms (30). Despite these important findings, the underlying 
immunological mechanisms are still not understood.
Herein, we conducted a randomized trial aimed at assessing 
the effect of BCG vaccination of 6-week-old Gambian infants on 
in vitro responses to toll-like receptor (TLR) ligands, unrelated 
pathogens, and antibody responses to EPI vaccines compared to 
a BCG naïve control group. Our results support early enhanced 
CA-specific IFN-γ responses in BCG vaccinated infants but no 
effect on TNF-α or EPI vaccine antibody responses. Our find-
ings contribute to the relatively scarce evidence for heterologous 
immunological effects of BCG vaccination in humans.
MaTerials anD MeThODs
study site and subject recruitment
Expectant mothers, presenting at the Sukuta Health Centre 
(a  peri-urban setting in The Gambia) for antenatal care were 
sensitized about the study. Their children were recruited into the 
study upon birth or when they presented for BCG vaccination 
(within 48 h of birth). BCG vaccination was withheld for those 
that agreed to participate (Table 1). Exclusion criteria included 
low birth weight (<2.5 kg), congenital defects, and multiple births.
FigUre 1 | Participant numbers and drop outs. Numbers of study infants throughout the study from recruitment at birth, to enrollment and randomization, and 
follow-up until 18 weeks of age. Infants were bled at three time points—Visit 1 (V1) at 6 weeks of age (baseline), visit 2 (V2) at 7 weeks (+1 week) and visit 3 (V3)  
at 18 weeks of age (+12 weeks).
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ethics statement
The Scientific Coordinating Committee (SCC) at the Medical 
Research Council (MRC) Unit, The Gambia and the MRC-
Gambian Government Joint Ethics Committee approved this 
study (study number SCC 1233). Written informed consent 
was provided by the parent/guardian of participating infants in 
accordance with the Declaration of Helsinki.
Blood sampling and Vaccination
Infants were randomized at 6 weeks of age into one of two groups: 
0.1  mL intradermal vaccination with BCG vaccine (Russian 
strain, SSI India) (BCG group) or no vaccination (Control group) 
to be given at 6 weeks of age. All infants received hepatitis B vac-
cine (HepB) (Serum Institute of India) and oral polio vaccine 
(OPV) (Sanofi Pasteur, France) at birth in accordance with the 
EPI schedule of The Gambia. At 8, 12, and 16 weeks, all infants 
received the pentavalent [diphtheria–tetanus–whole cell pertus-
sis, Haemophilus influenzae B (Hib), HepB] vaccine (Panacea 
biotech, India), OPV, and the 13-valent pneumococcal conjugate 
vaccine (PCV-13) (Table 1). At 18 weeks of age, all infants were 
tested by standard tuberculin skin test (TST) for mycobacte-
rial reactivity by injecting 0.1 mL containing 2 U of tuberculin 
(Serum Staten Institut, Denmark) intradermally. Induration was 
read longitudinally and transversely by a trained nurse at 48–72 h 
to determine the average induration. The infants in the BCG 
naïve control group were then vaccinated with BCG at 18 weeks 
of age. A maximum of 5 mL of venous whole blood was collected 
into EDTA tubes at 6 weeks (prior to BCG vaccination of group 
1) [Visit 1 (V1)], 7 weeks (1 week post-BCG vaccination) [Visit 
2 (V2)], and 18 weeks (12 weeks post-BCG vaccination) [Visit 3 
(V3)] (Figure 1).
Peripheral Blood Mononuclear cell 
(PBMc) separation and cryopreservation
EDTA blood was spun at 1,500  rpm for 10  min and 1  mL of 
plasma collected and stored at −20°C until use. The remaining 
whole blood was diluted 1:1 with RPMI (Sigma, UK) and PBMC 
separation was performed via density gradient centrifugation 
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on a Lymphoprep (Fresenius Kabi Norge AS, Norway) cush-
ion. Harvested PBMCs were washed twice in RPMI and cells 
counted using Trypan blue exclusion. For every 10 million live 
cells, 500 µL of fetal calf serum (FCS) (Gibco, Life technologies, 
USA) was added, cells were left on ice for 30 min and 500 μL of 
20% dimethyl sulfoxide (Sigma-Aldrich, UK) in FCS was added 
before cells were transferred into a Nalgene® Mr Frosty container 
(Sigma-Aldrich) and stored at −70°C then transferred to liquid 
nitrogen within 24 h.
PBMc Thawing
Peripheral Blood Mononuclear Cells were thawed rapidly at 
37°C in a water bath. Cells were then resuspended slowly in 
warm 10% FCS in RPMI (R10) prior to washing twice. Viability 
counts were done on the samples before being resuspended in 
R10 and 25 U/mL of benzonuclease (Sigma, UK). PBMCs were 
then rested at 37°C 5% CO2 for 6 h.
In Vitro culture conditions
0.1 × 106 PBMCs in 100 µL of culture medium (2% penicillin/
streptomycin, 1% l-glutamine, and 10% FCS in RPMI) were 
stimulated in 96-well round bottom plates for 16  h with the 
following antigens: purified protein derivative (PPD) (10  µg/
mL, Serum Staten Institute, Denmark), heat-killed Listeria 
monocytogenes (HKLM) (TLR2 agonist; 109/mL, Invivogen), 
lipopolysaccharide (LPS) (TLR4 ligand; 1  µg/mL, Invivogen), 
CLO-75 (TLR7/8 agonist; 10 µg/mL, Invivogen); and heat-killed 
Streptococcus pneumonia (SP) (105  cells/mL), CA (105  cells/
mL), or Escherichia coli (EC) (106  cells/mL). PMA/ionomycin 
(0.1 μg/1 μg/mL, Sigma, UK) was used as a positive control, and 
RPMI as a negative control. Supernatants were collected after 
the addition of 100 µL of RPMI and centrifugation at 1,500 rpm 
for 10 min. Supernatants were stored at −20°C until needed for 
cytokine analysis.
Multiplex cytokine assays
Cytokines in culture supernatants were assessed using Bioplex 
Pro custom made kits according to the manufacturer’s instruc-
tions using a 1:2 dilution of reagents (Bio-Rad, Belgium). The 
cytokines analyzed were IFN-γ, TNF-α, IL-2, IL-4, IL-10, IL-17, 
and IL-12(p70). Defrosted culture supernatants were centri-
fuged for 5  min to pellet any precipitate and left on ice until 
use. Coupled magnetic beads were diluted 1:2 with assay buffer, 
and added to pre-wet 96-well filter plates. Plates were washed 
using a vacuum manifold station. 50 µL of samples and standard 
were added and the plate incubated on a shaker at 300 rpm for 
30 min at room temperature. Detection antibodies were diluted 
1:2 with detection antibody diluents, 25 µL added to the plate 
after three washes, and incubated for 30  min on a shaker at 
room temperature. The plate was washed three times using the 
vacuum manifold before addition of 50 µL of streptavidin, and 
then incubated for 10 min on a shaker. 125 µL of assay buffer 
was added and plates left on a shaker until ready to be read using 
the Bioplex 200 system, Luminex x-map technology, and Bioplex 
pro software version 4.0 (Bio-Rad, Belgium).
All values less than the lowest value of the standard within the 
standard curve were given the value of the lowest standard and 
all values higher than the highest standard were given the value 
of the highest standard. The range in picograms per milliliter for 
each analyte is as follows: IL-2 (0.88–14,426), IL-4 (0.35–5,693), 
IL-10 (1.45–23,718), IL-12p70 (2.65–43,449), IL-17 (2.33–38,209), 
IFN-γ (2.05–33,560), and TNF-α (6.69–109,604). Background 
(unstimulated) values were subtracted from antigen-stimulated 
values to determine the antigen-specific response.
intracellular cytokine staining
0.5 ×  106 PBMCs were stimulated with RPMI, PMA/ionomy-
cin, PPD, a peptide pool of the TB-specific antigens ESAT-6/
CFP-10 (2.5 µg/mL, ProImmune, UK), heat-killed SP (105 cells/
mL), C. albicans (105 cells/mL), or E. coli (106 cells/mL) per test. 
Cells were incubated at 37°C 5% CO2 for 18 h with Brefeldin A 
(10 µg/mL) added after the first 2 h of incubation. Cells were 
stained with a live/dead aqua yellow stain (Invitrogen, USA), 
incubated for 10  min at room temperature before staining 
with a surface marker cocktail consisting of either CD3-PerCP 
Cy5.5 or CD3 APC efluor 750 and CD8 APC efluor 780. Cells 
were incubated for 30  min at room temperature and washed 
with 1 mL of PBS/1% FCS/0.2% Sodium Azide (FACS buffer). 
Supernatant was removed and cells washed in perm/wash solu-
tion (Ebioscience, UK). Permeabilization was then performed 
using fix/perm solution (Ebioscience) and cells incubated for 
20 min at 4°C before centrifugation at 1,800 rpm for 5 min. A 
cocktail of intracellular cytokines IL-2 FITC, IL-17 PE, TNF-α 
PE-Cy7, IL-10 efluor-450, and IFN-γ APC (all from ebioscience) 
was added, and cells incubated for 30 min at room temperature. 
Cells were washed with perm/wash solution and 300 µL FACS 
buffer was added before acquisition. At least 100,000 lympho-
cytes were acquired for each sample on a CyanADP (Beckman 
Coulter, USA) flow cytometer using Summit v4 software and 
analyzed using FlowJo v10.0.2 (Tree Star, USA) according to 
the gating strategy shown (Figures S1 and S2 in Supplementary 
Material).
Vaccine antibody assays
Stored plasma samples were used to measure antibody levels to 
polio 1 and 3 using the antibody neutralizing assay as described 
previously (39). Briefly, Hep-2 Cincinnati cells were cultured 
with different dilutions of the virus and subject plasma, cyto-
pathic effect of the virus on the plasma was assessed after 5 days 
incubation. Hepatitis B antibody levels were measured using a 
commercial ELISA kit (Diasorin, Italy) as per the manufacturer’s 
instructions. Diphtheria, tetanus, and pertussis antibodies were 
assessed in house using a multiplex immunoassay developed 
by the RIVM in the Netherlands as described previously (40), 
and antibody levels were measured using the Bioplex 200 system 
(Bio-Rad, Belgium).
statistical analysis
Cytokine multiplex, intracellular staining (ICS), and antibody 
data were analyzed by fitting a linear mixed model using restricted 
maximum likelihood. Bleed, vaccine group and sex, and their 
interactions were fitted as fixed effects, and infant and sample 
within infant, were fitted as random effects. The F-test was used 
to test for interactions between the fixed effects, in particular the 
TaBle 2 | Tuberculin skin test reactivity at 18 weeks of age.
number 
tested
number 
responders (%)
Median 
induration in mm 
(iQ range)
All naïve controls 52 7 (13.5) 0 (0, 0)
Naïve control females 26 4 (15.4) 0 (0, 0)
Naïve control males 26 3 (11.5) 0 (0, 0)
All bacillus Calmette–
Guérin (BCG) vaccinated
53 32 (60.4) 4.5 (0, 10.5)
BCG vaccinated females 24 12 (50) 1.25 (0, 5)
BCG vaccinated males 29 20 (69) 8.5 (0, 12.5)
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two-way group-by-bleed and three-way sex-by-group-by-bleed 
interactions. Comparisons between treatment groups, and sexes 
within treatment groups, at each time point, were based on t-tests 
utilizing the predicted means and SEs of differences recovered 
from the fitted mixed model. Comparisons were conducted at the 
5% significance level with no adjustments for multiplicity of out-
come variables or comparisons. Ratios of cytokines were intrinsi-
cally skewed and required logarithmic transformation prior to 
analysis, whereas diagnostic plots of residuals indicated that the 
cytokine data did not require log transformation. Logarithmic 
transformations were also required to overcome heterogeneity of 
variance in the antibody data. Data were analyzed using GenStat 
17 (VSN International), R 3.1.2 (www.r-project.org), and Stata 
version 12.1 (StataCorp LP, USA).
resUlTs
infant characteristics
137 infants were recruited into the study at birth with males 
and females randomized separately (Figure 1). The groups were 
of equivalent weight-for-age z scores at recruitment (data not 
shown). At 6 weeks (range 5–7 weeks), 131 babies remained in 
the study and were randomized to one of the two study groups: 
67 infants (34 males and 33 females) received BCG and 64 (35 
males and 29 females) were randomized to the control group and 
received BCG at 18 weeks upon study completion (Figure 1).
lack of enhanced In Vitro PPD reactivity, 
but greater TsT responses, in Bcg 
Vaccinated infants
Tuberculin skin test reactivity and in  vitro PPD assays were 
used to assess mycobacterial responses post-vaccination. The 
BCG vaccinated group had greater TST reactivity than the 
naïve control group (Table 2). Thus, while only 7 of 52 (13.5%) 
BCG naïve infants had a positive TST response (any indura-
tion > 1 mm), 32 of 53 (60.4%) BCG vaccinated infants were 
TST positive. The median induration in the unvaccinated infants 
was 0 (IQ range 0, 0) further indicating low level TST activity 
in this group, as compared to the BCG vaccinated group who 
had a median induration of 4.5 mm (IQ range 0, 10.5) (Control 
group vs BCG group p <  0.0001). The BCG vaccinated males 
had greater induration than females (M 8.5  mm, F 1.25  mm, 
M vs F p = 0.014) and responded more frequently than females 
(M = 69%, F = 50%).
Surprisingly, there was no evidence of a boosting of PPD 
reactivity in the BCG vaccinated group at V2 or V3 for any 
of the cytokines tested in culture supernatants (Table S1 in 
Supplementary Material). On the contrary, in BCG vaccinated 
females but not males the PPD-specific IL-12(p70) (p = 0.0025) 
(Figure 2A), IFN-γ (p = 0.0003) (Figure 2B), IL-4 (p = 0.0018) 
(Figure  2C), IL-10 (p  =  0.004) (Figure  2D), and IL-17 
(p =  0.0003) (Figure  2E) had all declined by V3 compared to 
V2. By contrast, the BCG naïve group had an increase in IFN-γ 
(p = 0.0164) (Figure 2A), IL-4 (p = 0.0018) (Figure 2C), IL-10 
(p = 0.004) (Figure 2D), and IL-17 (p = 0.0003) (Figure 2E) at 
V2 compared to baseline.
Intracellular staining by flow cytometry was performed to 
characterize CD4 and CD8 T cells, and innate cells (CD3− cells) 
expressing IL-2, IL-17, TNF-α, IL-10, IFN-γ, or combina-
tions of these cytokines intracellularly (Figures S1 and S2 in 
Supplementary Material). This failed to show any significant sex, 
group, or time interactions for PPD-specific CD4+, CD8+, or 
CD3− ICS responses for any of the cytokines in BCG vaccinated 
or control infants (data not shown).
no effects of Bcg Vaccination  
on innate cytokine responses
Levels of the innate pro-inflammatory cytokine TNF-α were 
analyzed in the TLR ligand and pathogen culture supernatants 
after overnight stimulation. While robust TNF-α responses were 
detected to the TLR ligands (Table S2 in Supplementary Material) 
and heat-killed pathogens (Table S3 in Supplementary Material), 
there was no difference in TNF-α responses between BCG vac-
cinated and naïve infants nor between males and females. In 
keeping with the soluble cytokine data, there was no effect of 
vaccine group, bleeding time point or sex on TNF-α responses by 
ICS of CD4+, CD8+, or CD3− cells (data not shown).
sex-Differential effects of Bcg 
Vaccination on Th1/Th2 Polarizing 
cytokines
IL-12(p70) (V1 vs V3 p = 0.0355) and IFN-γ (V1 vs V3 p = 0.0018; 
V2 vs V3 p = 0.0232) responses declined to the TLR4 ligand LPS 
in BCG vaccinated females, and IL-12(p70) (V1 vs V3 p = 0.0129) 
but not IFN-γ declined in the BCG naïve control females too 
(Figures 3A,B). BCG naïve females showed an increase in IFN-γ 
production to PMA/ionomycin by V3 (V1 to V3: p =  0.0019; 
and V2 to V3: p =  0.0334), while the BCG vaccinated females 
did not (Figure 3C). BCG naïve, but not vaccinated, males had 
increased IL-2 production to both the TLR2 ligand HKLM (V1 
vs V2 p = 0.0057) (Figure 3D) and CA (V1 vs V2 p = 0.0207) 
(Figure  3E) at V2, which declined by V3 (HKLM V2 vs V3 
p = 0.0005; CA V2 vs V3 p = 0.026). The BCG vaccinated males 
also had an increase in IL-2 to CA at V2, which did not quite 
reach significance (p = 0.0512), but declined significantly by V3 
(V2 vs V3 p = 0.0498) (Figure 3E). The only effect on intracellular 
cytokine production by flow cytometry after stimulating with the 
TLR ligands and heat-killed pathogens was an increase in IFN-γ 
from CD8+ T cells after CA stimulation in the BCG vaccinated 
females at V2 compared to V1 (p =  0.0316) (Figure  3F). The 
FigUre 2 | Sex-differential changes in purified protein derivative (PPD) reactivity. Figure shows comparisons of means within sexes for analyses with significant 
effects (main effect of interactions) involving bleed for the cytokine responses to stimulation with PPD. Significant effects were only observed in females and not male 
infants. The bacillus Calmette–Guérin (BCG) vaccinated females had detectable responses at baseline, in particular IFN-γ and IL-10, but these were not boosted 
further 1 (V2) or 12 weeks (V3) post-vaccination. Indeed, by V3, there was a significant decline in IL-12(p70) (a), IFN-γ (B), IL-4 (c), IL-10 (D), and IL-17  
(e) at V3 in the BCG vaccinated females. Mean baseline levels were low at baseline for the BCG naïve group, but increased significantly for IFN-γ (B), IL-4  
(c), and IL-17 (e) by V2 (+1 week). A fitted linear mixed model of cytokine values was used to determine significant differences by vaccine group, bleed, and sex. 
*p < 0.05, **p < 0.01, and ***p < 0.001. The figures show the arithmetic mean and SEM for cytokines in picograms per milliliter. Data shown for n = 93 infants 
(26 BCG vaccinated females, 18 BCG vaccinated males, 24 control females, and 25 control males).
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FigUre 3 | Th1 polarizing cytokine responses. The Th1 polarizing cytokines IL-12(p70), IL-2, and IFN-γ were measured in culture supernatants and IFN-γ was 
measured in CD4, CD8 T cells, and non-T cells by flow cytometry. Only significant effects by vaccine group, bleed, and sex using a fitted linear mixed model of 
cytokine values are shown. These indicated effects on IL-12(p70) (a) and IFN-γ (B) responses to LPS in females; IFN-γ responses to PMA in females  
(c); IL-2 responses to HKLM (D) and CA (e) in males; and intracellular staining (ICS) IFN-γ CD8+ T cell responses in to CA females (F) and males (g). *p < 0.05 and 
**p < 0.01. The figures show the arithmetic mean and SEM for cytokines in picograms per milliliter (a–e) or % positive cells of the gated CD8+ population (F,g).  
CA, Candida albicans; HKLM, heat-killed Listeria monocytogenes; LPS, lipopolysaccharide; PMA, phorbol myristate acetate/ionomycin. Data shown for n = 79 
infants [23 bacillus Calmette–Guérin (BCG) vaccinated females, 15 BCG vaccinated males, 21 control females and 20 control males].
FigUre 4 | Th1:Th2 cytokine balance. IFN-γ:IL-4 in LPS (a) and CLO-75 (B) culture supernatants declined by V3 (+12 weeks) in bacillus Calmette–Guérin (BCG) 
naïve, but not vaccinated, males. IFN-γ:IL-4 to SP declined at V2 (+1 week) in BCG vaccinated, but not naïve, females, then increased to baseline levels by V3 
(+12 weeks) (c). *p < 0.05. The figures show the geometric mean and 95% CI for cytokines in picograms per milliliter. LPS, lipopolysaccharide; SP, Streptococcus 
pneumoniae. Data shown for n = 79 infants (23 BCG vaccinated females, 15 BCG vaccinated males, 21 control females, and 20 control males).
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similar increase in CA-specific CD8+IFN-γ+ responses from V1 
to V2 was not significant in the males, but the level at V2 was 
significantly higher than at V3 (p = 0.0151) (Figure 3G).
While the Th2 cytokine IL-4 was not affected by vaccine group 
or sex in culture supernatants, the ratio of IFN-γ to IL-4, indicative 
of the Th1:Th2 cytokine balance, was affected. Thus, BCG naïve 
males had decreased IFN-γ:IL-4 at V3 to TLR4 (LPS) (V1 vs V3 
p = 0.039) (Figure 4A) and TLR7/8 (CLO-75) stimulation (V2 
vs V3 p = 0.0194) (Figure 4B); and BCG vaccinated females had 
decreased IFN-γ:IL-4 to SP at V2 compared to baseline (V1 vs V2 
p = 0.0128) which increased again by V3 (V2 vs V3 p = 0.0227) 
(Figure 4C; Table 3; Tables S2 and S3 in Supplementary Material).
sex-Differential effects on the  
anti-inflammatory cytokine il-10
IL-10 is an anti-inflammatory cytokine that can be produced by 
T helper 1 (Th1), Th2, and regulatory T cells (41). IL-10 responses 
FigUre 5 | Effects on the anti-inflammatory cytokine IL-10. The modeling analysis showed differences by vaccine group, bleed, and sex for female IL-10 responses 
to LPS (a) and CA (B). IFN-γ:IL-10 ratios declined in SP cultures in bacillus Calmette–Guérin (BCG) naïve females (c); and declined in SP (D), HKLM (e), and LPS 
(F) cultures in BCG naïve males. TNF-α:IL-10 levels decreased by V3 (+12 weeks) in EC (g) and SP (h) cultures in BCG naïve females. *p < 0.05, **p < 0.01, and 
***p < 0.001. The figures show the arithmetic mean and SEM for individual cytokines in picograms per milliliter, and geometric mean and 95% CI for log transformed 
cytokine ratios. CA, Candida albicans; EC, Escherichia coli; HKLM, heat-killed Listeria monocytogenes; LPS, lipopolysaccharide; SP, Streptococcus pneumoniae. 
Data shown for n = 79 infants (23 BCG vaccinated females, 15 BCG vaccinated males, 21 control females, and 20 control males).
TaBle 3 | Summary of all significant sex-by-bleed-by-group interactions for the whole blood culture and intracellular staining assays.
innate 
cytokines
Th1 cytokines Th2 
cytokines
Th1:Th2 ratio anti-
inflammatory
Pro- to 
anti-inflammatory
Th17 
cytokines
TnF-α il-12(p70), il-2, iFn-γ il-4 iFn-γ:il-4 il-10 iFn-γ:il-10, TnF:il-10 il-17
Visit 2 (+1 week)
Naïve females No effect No effect No effect No effect ↑ to CA ↓ to SP No effect
Bacillus Calmette–Guérin 
(BCG) females
No effect ↑ CD8+IFN-γ+ to CA No effect ↓ to SP No effect No effect No effect
Naïve males No effect ↑ to TLR2 and CA No effect No effect No effect No effect ↑ to TLR2
BCG males No effect ↑ CD8+IFN-γ+ to CA No effect No effect No effect No effect No effect
Visit 3 (+12 weeks)
Naïve females No effect ↓ to TLR4, ↑ to PMA No effect No effect ↑ to CA ↓ to SP, EC No effect
BCG females No effect ↓ to TLR4 No effect ↑ to SP ↓ to TLR4 No effect ↓ to TLR2
Naïve males No effect ↓ to TLR2 and CA No effect ↓ to TLR4  
and TLR7/8
No effect No effect No effect
BCG males No effect ↓ to CA No effect No effect No effect ↓ to SP, TLR2, TLR4 No effect
Table summarizing all significant interactions in the linear mixed model analysis showing that cytokine changes are sex, group, and time differential.
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to TLR4 (LPS) declined in the BCG vaccinated females by V3 
(V2 vs V3 p =  0.0482) (Figure  5A), while IL-10 responses to 
CA increased in the BCG naïve but not vaccinated females at 
V2 with a further increase at V3 (V1 vs V3 p = 0.0001, V2 vs 
V3 p = 0.0217) (Figure 5B; Tables S2 and S3 in Supplementary 
Material). There was no effect of vaccine group, bleeding time 
point, or sex on ICS IL-10 responses to any antigen (data not 
shown).
Bacillus Calmette–Guérin naïve females had a decrease 
in IFN-γ:IL-10 to SP at V2 and V3 (V1 vs V2 p =  0.0191; V1 
vs V3 p = 0.0141) (Figure 5C), and BCG naïve males likewise 
had a decline in IFN-γ:IL-10 to SP at V3 (V2 vs V3 p = 0.0472) 
(Figure 5D). BCG naïve males also had a decline in IFN-γ:IL-10 
to TLR2 (HKLM) (V2 vs V3 p = 0.017) (Figure 5E) and TLR4 
(LPS) in vitro at V3 (V1 vs V3 p = 0.0342; V2 vs V3 p = 0.0163) 
(Figure 5F). Furthermore, the ratio of TNF-α to IL-10 in EC (V1 
vs V3 p = 0.005; V2 vs V3 p = 0.0457) (Figure 5G) and SP cultures 
(V1 vs V3 p = 0.0028) (Figure 5H) decreased by V3 in the naïve 
females, but remained constant in those who received BCG. This 
effect was not observed in male infants (Table 3).
FigUre 6 | IL-17 responses. IL-17 responses in heat-killed Listeria monocytogenes (HKLM) cultures increased in bacillus Calmette–Guérin (BCG) naïve males at V2 
(+1 week) (a), and decreased in HKLM cultures in BCG vaccinated females (B). *p < 0.05 and **p < 0.01. The figures show the arithmetic mean and SEM for IL-17 
in picograms per milliliter. Data shown for n = 79 infants (23 BCG vaccinated females, 15 BCG vaccinated males, 21 control females, and 20 control males).
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sex-Differential effects of Bcg 
Vaccination on il-17 responses  
to Tlr2 ligand stimulation
IL-17 production following TLR2 ligand (HKLM) stimulation 
increased at V2 in the BCG naïve (V1 vs V2 p =  0.0407), but 
not vaccinated, males (Figure  6A); and HKLM-specific IL-17 
declined at V3 in BCG vaccinated (V1 vs V3 p = 0.0165), but not 
naïve, females (Figure 6B). There was no effect of vaccine group 
or sex on IL-17 responses for any of the other stimuli (Tables S2 
and S3 in Supplementary Material). IL-17 reactivity in CD4+, 
CD8+, or CD3− cells by ICS was not affected by BCG vaccination 
or sex at any time point (Table 3).
no effect of Bcg Vaccination at 6 Weeks 
on antibody responses to Other ePi 
Vaccines
Since BCG has been shown to boost antibody responses to other 
EPI vaccines, even when given before the vaccine in question (35), 
we measured antibody levels to hepatitis B vaccine, poliovirus 
serotypes 1 and 3, diphtheria toxoid, tetanus toxoid (TT), and 
pertussis toxoid. There was significant induction of antibody 
responses to all vaccines by V3, but not V2, compared to V1 
(Table  4). All infants except for one had protective antibody 
levels to TT at V1, confir ming a benefit of maternal vaccination, 
as expectant mothers in The Gambia receive two doses of TT vac-
cine during the second and third trimesters. No additional boost-
ing effect was observed in the BCG vaccinated group compared 
to the naïve group for any of the vaccines. The only sex difference 
was higher HepB IgG levels in control males compared to control 
females at V3 (p = 0.040), while no such difference was observed 
in the BCG vaccinated group.
DiscUssiOn
The lack of consistent and reliable protection by BCG has galva-
nized the search for new vaccination strategies using recombinant 
technology or heterologous vector-based vaccines (42, 43), as a 
prime-boost to neonatal BCG vaccination. To develop optimal 
vaccination strategies, it is important to understand the role that 
the heterologous effects of BCG vaccination play in TB endemic 
settings. The aim of this study was to analyze in vitro reactivity to 
innate ligands and a panel of common pathogens to see if BCG 
vaccination of 6-week-old Gambian infants enhanced reactivity 
to these antigens compared to BCG naïve infants.
One of the surprising findings in this study was a lack of induced 
in vitro reactivity to PPD in the BCG vaccinated infants. However, 
the BCG vaccinated group had good induction of TST reactivity 
compared to the naïve group suggesting that the vaccine was effec-
tive. In this study, we performed overnight cultures only, whereas 
we have previously shown that T cell responses to PPD generally 
peak at 5–7  days of culture (13), thus we probably measured 
predominantly innate responses to intrinsic PAMPs expressed by 
mycobacteria in the BCG vaccine (44), which were not boosted by 
vaccination. Indeed, paradoxically, the BCG vaccinated females 
had a decline in Th1, Th2, and IL-17 cytokine reactivity to PPD 
at V3, while the BCG naïve infants experienced an increase in 
reactivity. This decline may be due to the intervening vaccines 
given including DTwP that has specifically been shown to sup-
press innate and adaptive immunity in Gambian females but not 
males (45). One week is very early for detection of memory T cell 
responses following BCG vaccination, so this early time point 
also likely contributed to lack of induced PPD responses. It is also 
possible that the PPD itself was not immunogenic; however, the 
same batch was effective in previous studies. We used BCG Russia 
in this study which has been shown to have poor immunogenicity 
compared to other strains such as BCG Japan and BCG Denmark 
(6, 46, 47), which would further contribute to low PPD reactiv-
ity in our study. Another explanation is that the mycobacterial 
response may have been negatively attenuated by environmental 
bacteria, although our previous studies in infants from the same 
study area do not support this conclusion (13).
Previous studies have shown that BCG can “train” the innate 
immune system of healthy European adults via epigenetic 
TaBle 4 | Antibody titers to EPI vaccines in the bacillus Calmette–Guérin (BCG) vaccinated and naïve infants.
Vaccine 
type 
(unit)
Visit Bcg vaccinated group Bcg naïve control group
Males Boost 
from 
baseline
Females Boost 
from 
baseline
Males  
vs 
females
Males Boost 
from 
baseline
Females Boost 
from 
baseline
Males  
vs 
Females
Median (iQr) p-Value Median (iQr) p-Value p-Value Median (iQr) p-Value Median (iQr) p-Value p-Value
Polio 1 
(titers)
1 24 (8, 160) 32 (8, 112) NS 16 (8, 112) 16 (8, 48) NS
2 48 (16, 256) NS 48 (20, 512) NS NS 24 (16, 256) NS 32 (16, 64) NS NS
3 256 (32, 1,024) 0.0003 768 (128, 1,024) <0.0001 NS 256 (160, 512) <0.0001 192 (64, 1,024) <0.0001 NS
Polio 3 
(titers)
1 8 (8, 80) 8 (8, 14) NS (8, 8) 8 (8, 12) NS
2 24 (8, 128) NS 8 (8, 32) NS NS 8 (8, 40) NS 8 (8, 16) NS NS
3 256 (128, 512) 256 (56, 640) <0.0001 NS 256 (32, 1,024) <0.0001 256 (10, 512) <0.0001 NS
HepB  
(IU/mL)
1 10 (10, 10) 10 (10, 10) NS 10 (10, 10) 10 (10, 10) NS
2 10 (10, 10) NS 10 (10, 10) NS NS 10 (10, 10) NS 10 (10, 10) NS NS
3 483 (364, 1,000) <0.0001 650 (394, 1,000) <0.0001 NS 1,000 (393, 1,000) 353 (241, 1,000) <0.0001 0.04
Diphtheria 
toxoid  
(IU/mL)
1 0.01 (0.01, 0.02) 0.01 (0.01, 0.02) NS 0.01 (0.00, 0.03) 0.01 (0.00, 0.01) NS
3 2.6 (1.4, 3.7) <0.0001 2.7 (1.9, 4.1) <0.0001 NS 2.8 (1.7, 4.4) <0.0001 1.8 (1.2, 3.0) <0.0001 NS
Pertussis 
toxoid 
(EU/mL)
1 3.0 (1.5, 9.6) 5.0 (1.2, 9.5) NS 4.6 (1.8, 8.8) 4.1 (1.6, 9.7) NS
3 252 (112, 572) <0.0001 225 (123, 568) <0.0001 NS 240 (61, 582) <0.0001 268 (69, 523) <0.0001 NS
Tetanus 
toxoid (TT) 
(IU/mL)
1 1.7 (0.7, 3.2) 1.9 (0.8, 3.0) NS 1.3 (0.6, 3.2) 1.0 (0.4, 2.6) NS
3 7.5 (3.2, 10.5) <0.0001 5.5 (3.8, 15.6) 0.003 NS 6.3 (3.4, 17.8) <0.0001 6.7 (3.5, 8.1) <0.0001 NS
Summary of antibody levels at each visit for polio 1 and 3, hepatitis B, diphtheria toxoid, pertussis toxoid, and TT showing significant boosting of levels in both vaccine groups by 
visit 3 (+12 weeks). BCG naïve males had higher HepB antibody titers at visit 3 compared to BCG naïve females; this was not the case for the BCG vaccinated males and females.  
A fitted linear mixed model of log transformed antibody values was used to determine significant differences by vaccine group, bleed and sex. Data shown for n = 126 infants  
(30 BCG vaccinated females, 33 BCG vaccinated males, 28 control females, and 35 control males).
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modification of innate immune cells leading to enhanced pro-
inflammatory responses to a range of stimuli (27, 48–51). 
Furthermore, we have previously found that neonatal BCG 
vaccination enhanced reactivity to certain TLR ligands in a 
sex-differential manner, with greater enhancement in females 
than males (49). However, in this study, we found no evidence 
of enhanced innate responses (analyzed by TNF-α production) 
in BCG vaccinated infants in culture supernatants or by ICS. 
The reason for the discrepancy with previous studies could be 
due to a number of factors including differences in experimental 
techniques, the age group at which BCG was given, key genetic 
differences, and exposure to environmental mycobacteria. 
Another likely contributory factor is our use of BCG Russia since 
the previous immune-enhancing studies used BCG Denmark. 
BCG scar rates predict non-specific beneficial effects, and those 
immunized with BCG Russia have lower scar rates (approximately 
50%) compared to BCG Denmark (72–97%) (6). By implication, 
this would suggest that BCG Russia is less likely to have beneficial 
non-specific effects that BCG Denmark (5). This was confirmed 
in a study conducted in more than 1,000 infants in Uganda in 
which BCG Denmark was found to have stronger non-specific 
immunological effects than BCG Russia and BCG Bulgaria (4). 
Ongoing studies are hoping to confirm this critical issue.
The Th1 polarizing cytokines IL-2, IL-12(p70), and IFN-γ 
were all affected by vaccine group and sex in this study. The 
increased CD8+ T cell IFN-γ production to C. albicans in males 
and females 1 week after BCG vaccination supports early immune 
enhancement by the vaccine. There were no other enhanced Th1 
type cytokine responses in BCG vaccinated males or females. 
On the contrary, BCG vaccinated females had decreased 
IFN-γ:IL-4 to SP 1 week after vaccination.
Many of the significant changes in cytokine reactivity occurred 
at V3 (+12 weeks) rather than V2 (+1 week). For example, at V3, 
both BCG vaccinated and naïve infants had decreased Th1 cytokine 
reactivity and decreased pro- to anti-inflammatory cytokine ratios 
to certain stimuli. Between V2 and V3 all infants received three 
doses of OPV, pentavalent vaccine (diphtheria, tetanus, whole 
cell pertussis, Haemophilus influenzae type b, hepatitis B), and 
PCV-13 at 8, 12, and 16 weeks of age, all of which are likely to have 
heterologous effects on innate and adaptive immunity. Indeed, 
we have shown that DTwP vaccination leads to decreased innate 
and T  cell responses in infant females but not males (45), and 
OPV has also been shown to attenuate immune responses to BCG 
vaccination (49). Thus, changes in immune reactivity observed in 
this study may also reflect heterologous effects of these vaccines, 
and differences between the BCG vaccinated and naïve groups 
are likely reflect the additional immune modifying effects of 
BCG. In particular, the negative heterologous effects of DTwP 
(45) could explain the decline in PPD reactivity for multiple 
cytokines in BCG vaccinated females but not males at V3.
IL-10 is a key anti-inflammatory cytokine, implicated in the 
homeostatic regulation of inflammatory responses (41). TLR4-
specific IL-10 responses declined in BCG vaccinated females, and 
IL-10 reactivity to C. albicans increased in BCG naïve females at 
both V2 and V3. BCG naïve males and females also had decreased 
IFN-γ:IL-10 and TNF-α:IL-10 ratios to a range of stimuli. These 
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results suggest a skewing of immunity toward a more anti-
inflammatory profile in those infants who had not received BCG, 
which was prevented by the prior administration of BCG. Greater 
anti-inflammatory responses may be detrimental by resulting in 
less efficient pathogen clearance, and prevention of it by prior 
administration of BCG could provide an immunological benefit.
Th17 cells have been implicated in protective mycobacterial 
responses after BCG vaccination (16, 52) and in clearing a range 
of other pathogens (53). However, we observed high levels of 
IL-17 production from non-T cells after stimulation with PPD, 
and thus not a Th17 response; and further found no difference 
between BCG vaccinated and naïve infants following stimulation 
with antigens (both vaccine-specific and unrelated) suggesting 
no effect of BCG vaccination. However, BCG naïve males had 
evidence of increased IL-17 reactivity to TLR2, while BCG 
vaccinated females had a decrease, supporting sex-differential 
enhanced IL-17 immunity in the naïve group.
In summary, we found no evidence that BCG vaccination of 
6-week-old Gambian infants alters innate immunity and have 
shown that Th1 and IL-17 cytokine responses were more likely 
to increase over time in the BCG naïve individuals. However, the 
BCG naïve group also had decreased pro- to anti-inflammatory 
cytokine ratios (IFN-γ:IL-4, IFN-γ:IL-10, and TNF-α:IL-10) and 
increased IL-10 to certain stimuli, indicating a bias toward an 
anti-inflammatory response. All of these effects were sex differ-
ential, with males and females often showing opposite patterns. 
This is in keeping with the growing body of literature reporting 
sex differences in immunity (54). These sex differences are likely 
caused by a combination of factors including differences in sex 
hormone levels and expression of X-linked immune response 
genes. Estrogens are generally immune enhancing and higher in 
females most of the first year of life; and males undergo a tes-
tosterone surge at about 6 weeks of age, which is known to have 
immunosuppressive effects on immunity (55).
It has been shown that concomitant administration of BCG 
can enhance antibody responses to other EPI vaccines, including 
hepatitis B, TT, and OPV (15). Furthermore, certain pneumococ-
cal vaccine serotypes were boosted in infants immunized with 
BCG at birth indicating that BCG can affect responses to vaccines 
given later in infancy (35). We did not find a boosting effect of 
BCG vaccine on the any of the vaccine antibody levels measured. 
This might be due to the different vaccine strain used in our 
study as discussed earlier; or the timing of BCG vaccination at 
6 weeks of age and thus 6 weeks after their birth HBV and OPV, 
and 2 weeks before their first pentavalent vaccine (DTP, Hib, and 
HBV). Importantly, however, protective antibody levels to polio, 
TT, and hepatitis B were achieved in all subjects regardless of 
vaccine group, showing that the delay in BCG vaccination was 
not detrimental to antibody levels in our study. Control males had 
higher hepatitis B titers than females, which contradicts previous 
studies showing higher responses among females (54).
Several limitations to this study should be borne in mind. 
First, the vaccine was administered at 6 weeks of age rather than 
at birth, yet it is recommended that the vaccine be given at the 
earliest opportunity after birth. However, in the real life setting, 
it is estimated that less than half receive BCG in the first month 
of life, often because BCG comes in multi-dose vials that are not 
opened until there are sufficient infants to vaccinate (6). Another 
limitation is the infant numbers assessed since we had limited 
PBMCs available from study children due to a technical problem 
with the fresh blood assay. We only cultured overnight which is 
not optimal for measuring T cell responses since our study was 
not focused on innate immune stimulation.
In conclusion, BCG Russia given to African infants at 6 weeks 
of age had no effect on antibody responses to EPI vaccines, or on 
innate or Th2 cytokine responses to TLR or pathogen stimulation. 
There was early upregulation of C. albicans-specific CD8+IFN-γ+ 
responses in BCG vaccinated infants, but a decline in SP reactiv-
ity in BCG vaccinated females. By 18 weeks of age, Th1 cytokine 
responses were downmodulated in BCG vaccinated and naïve 
infants; TLR-stimulated IL-10 and IL-17 responses declined in 
BCG vaccinated females; and IL-10 production increased in BCG 
naïve females. The changes at 18 weeks are likely attributable to 
immunomodulatory effects of the EPI vaccines given at 8, 12, and 
16 weeks of age. However, the more anti-inflammatory immune 
profile in BCG naïve infants also suggests that prior BCG vac-
cination may prevent this immune skewing. The results suggest 
that BCG Russia does not enhance innate immunity in the same 
way as BCG Denmark, but has a short-lived immune-enhancing 
effect on CD8+ T cell reactivity to C. albicans only and possibly 
deviates the immune system away from an anti-inflammatory 
IL-10 response. This is the first study to analyze for heterologous 
effects of BCG Russia, which is important since it is the most 
widely administered BCG strain worldwide at this time (6).
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FigUre s1 | Gating strategy for CD4 and CD8 T cells by flow cytometry. 
Lymphocytes were gated on a forward and side scatter plot (a), then singlets 
(B) followed by viable cells by gating out live-dead positive cells (c). Viable 
lymphocytes were separated into CD3+ followed by the CD4+ and CD8+ 
populations (D), and the CD3 negative population was identified on a 
histogram (e).
FigUre s2 | Gating strategy for intracellular staining by flow cytometry. 
Representative plots showing the intracellular cytokine production following 
PMA/ionomycin stimulation for CD3−, CD4+, and CD8+ T cells. Boolean gating 
was used to quantify cytokine positive cells for the five intracellular cytokines— 
IL-2, IFN-γ, TNF-α, IL-10, and IL-17.
reFerences
1. Esmail H, Barry CE, Young DB, Wilkinson RJ. The ongoing challenge of latent 
tuberculosis. Philos Trans R Soc Lond B Biol Sci (2014) 369(1645):20130437. 
doi:10.1098/rstb.2013.0437 
2. Colditz GA, Berkey CS, Mosteller F, Brewer TF, Wilson ME, Burdick E, et al. 
The efficacy of bacillus Calmette-Guerin vaccination of newborns and infants 
in the prevention of tuberculosis: meta-analyses of the published literature. 
Pediatrics (1995) 96(1 Pt 1):29–35. 
3. Fine PE. Variation in protection by BCG: implications of and for het-
erologous immunity. Lancet (1995) 346(8986):1339–45. doi:10.1016/
S0140-6736(95)92348-9 
4. Anderson EJ, Webb EL, Mawa PA, Kizza M, Lyadda N, Nampijja M, et al. The 
influence of BCG vaccine strain on mycobacteria-specific and non-specific 
immune responses in a prospective cohort of infants in Uganda. Vaccine 
(2012) 30(12):2083–9. doi:10.1016/j.vaccine.2012.01.053 
5. Behr MA. BCG – different strains, different vaccines? Lancet Infect Dis (2002) 
2(2):86–92. doi:10.1016/S1473-3099(02)00182-2 
6. Shann F. Editorial commentary: different strains of bacillus Calmette-Guerin 
vaccine have very different effects on tuberculosis and on unrelated infections. 
Clin Infect Dis (2015) 61(6):960–2. doi:10.1093/cid/civ454 
7. Hur YG, Gorak-Stolinska P, Lalor MK, Mvula H, Floyd S, Raynes J, et  al.  
Factors affecting immunogenicity of BCG in infants, a study in Malawi, 
The Gambia and the UK. BMC Infect Dis (2014) 14:184. doi:10.1186/1471- 
2334-14-184 
8. Hussey GD, Watkins ML, Goddard EA, Gottschalk S, Hughes EJ, Iloni K, 
et al. Neonatal mycobacterial specific cytotoxic T-lymphocyte and cytokine 
profiles in response to distinct BCG vaccination strategies. Immunology (2002) 
105(3):314–24. doi:10.1046/j.1365-2567.2002.01366.x 
9. Lutwama F, Kagina BM, Wajja A, Waiswa F, Mansoor N, Kirimunda S, 
et al. Distinct T-cell responses when BCG vaccination is delayed from birth 
to 6 weeks of age in Ugandan infants. J Infect Dis (2014) 209(6):887–97. 
doi:10.1093/infdis/jit570 
10. Belderbos ME, van Bleek GM, Levy O, Blanken MO, Houben ML, Schuijff L, 
et  al. Skewed pattern of toll-like receptor 4-mediated cytokine production 
in human neonatal blood: low LPS-induced IL-12p70 and high IL-10 persist 
throughout the first month of life. Clin Immunol (2009) 133(2):228–37. 
doi:10.1016/j.clim.2009.07.003 
11. Burl S, Townend J, Njie-Jobe J, Cox M, Adetifa UJ, Touray E, et  al. Age-
dependent maturation of toll-like receptor-mediated cytokine responses 
in Gambian infants. PLoS One (2011) 6(4):e18185. doi:10.1371/journal.
pone.0018185 
12. Levy O. Innate immunity of the newborn: basic mechanisms and clinical 
correlates. Nat Rev Immunol (2007) 7(5):379–90. doi:10.1038/nri2075 
13. Burl S, Adetifa UJ, Cox M, Touray E, Ota MO, Marchant A, et al. Delaying 
bacillus Calmette-Guerin vaccination from birth to 4 1/2 months of age 
reduces postvaccination Th1 and IL-17 responses but leads to comparable 
mycobacterial responses at 9 months of age. J Immunol (2010) 185(4):2620–8. 
doi:10.4049/jimmunol.1000552 
14. Marchant A, Goetghebuer T, Ota MO, Wolfe I, Ceesay SJ, De Groote D, et al. 
Newborns develop a Th1-type immune response to Mycobacterium bovis 
bacillus Calmette-Guerin vaccination. J Immunol (1999) 163(4):2249–55. 
15. Ota MO, Vekemans J, Schlegel-Haueter SE, Fielding K, Sanneh M, Kidd M, 
et al. Influence of Mycobacterium bovis bacillus Calmette-Guerin on antibody 
and cytokine responses to human neonatal vaccination. J Immunol (2002) 
168(2):919–25. doi:10.4049/jimmunol.168.2.919 
16. Li Q, Li J, Tian J, Zhu B, Zhang Y, Yang K, et al. IL-17 and IFN-gamma pro-
duction in peripheral blood following BCG vaccination and Mycobacterium 
tuberculosis infection in human. Eur Rev Med Pharmacol Sci (2012) 
16(14):2029–36. 
17. Murray RA, Mansoor N, Harbacheuski R, Soler J, Davids V, Soares A, 
et  al. Bacillus Calmette Guerin vaccination of human newborns induces a 
specific, functional CD8+ T cell response. J Immunol (2006) 177(8):5647–51. 
doi:10.4049/jimmunol.177.8.5647 
18. Soares AP, Scriba TJ, Joseph S, Harbacheuski R, Murray RA, Gelderbloem SJ, 
et  al. Bacillus Calmette-Guerin vaccination of human newborns induces 
T  cells with complex cytokine and phenotypic profiles. J Immunol (2008) 
180(5):3569–77. doi:10.4049/jimmunol.180.5.3569 
19. Blomgran R, Ernst JD. Lung neutrophils facilitate activation of naive 
antigen-specific CD4+ T cells during Mycobacterium tuberculosis infection. 
J Immunol (2011) 186(12):7110–9. doi:10.4049/jimmunol.1100001 
20. Kativhu CL, Libraty DH. A model to explain how the bacille Calmette Guerin 
(BCG) vaccine drives interleukin-12 production in neonates. PLoS One (2016) 
11(8):e0162148. doi:10.1371/journal.pone.0162148 
21. Suliman S, Geldenhuys H, Johnson JL, Hughes JE, Smit E, Murphy M, 
et  al. Bacillus Calmette-Guerin (BCG) revaccination of adults with latent 
Mycobacterium tuberculosis infection induces long-lived BCG-reactive NK cell 
responses. J Immunol (2016) 197(4):1100–10. doi:10.4049/jimmunol.1501996 
22. Xu Z, Meng C, Qiang B, Gu H, Sun L, Yin Y, et  al. Differential effects of 
Mycobacterium bovis BCG on macrophages and dendritic cells from murine 
spleen. Int J Mol Sci (2015) 16(10):24127–38. doi:10.3390/ijms161024127 
23. Medzhitov R, Janeway  CA Jr. Innate immunity: impact on the adaptive 
immune response. Curr Opin Immunol (1997) 9(1):4–9. doi:10.1016/
S0952-7915(97)80152-5 
24. Medzhitov R, Preston-Hurlburt P, Janeway  CA Jr. A human homologue of 
the Drosophila toll protein signals activation of adaptive immunity. Nature  
(1997) 388(6640):394–7. doi:10.1038/41131 
25. Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune 
responses. Nat Immunol (2004) 5(10):987–95. doi:10.1038/ni1112 
26. Randhawa AK, Shey MS, Keyser A, Peixoto B, Wells RD, de Kock M, et al. 
Association of human TLR1 and TLR6 deficiency with altered immune 
responses to BCG vaccination in South African infants. PLoS Pathog (2011) 
7(8):e1002174. doi:10.1371/journal.ppat.1002174 
27. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. 
Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection 
from reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad 
Sci U S A (2012) 109(43):17537–42. doi:10.1073/pnas.1202870109 
28. Roth A, Garly ML, Jensen H, Nielsen J, Aaby P. Bacillus Calmette-Guerin 
vaccination and infant mortality. Expert Rev Vaccines (2006) 5(2):277–93. 
doi:10.1586/14760584.5.2.277 
29. Shann F. The non-specific effects of vaccines. Arch Dis Child (2010) 95(9): 
662–7. doi:10.1136/adc.2009.157537 
30. Aaby P, Roth A, Ravn H, Napirna BM, Rodrigues A, Lisse IM, et al. Randomized 
trial of BCG vaccination at birth to low-birth-weight children: beneficial 
nonspecific effects in the neonatal period? J Infect Dis (2011) 204(2):245–52. 
doi:10.1093/infdis/jir240 
31. de Castro MJ, Pardo-Seco J, Martinon-Torres F. Nonspecific (heterologous) 
protection of neonatal BCG vaccination against hospitalization due to 
13
Darboe et al. Immune Modulation by BCG Russia
Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1092
respiratory infection and sepsis. Clin Infect Dis (2015) 60(11):1611–9. 
doi:10.1093/cid/civ144 
32. Hollm-Delgado MG, Stuart EA, Black RE. Acute lower respiratory infection 
among bacille Calmette-Guerin (BCG)-vaccinated children. Pediatrics (2014) 
133(1):e73–81. doi:10.1542/peds.2013-2218 
33. Williams SK, Hoenig DM, Ghavamian R, Soloway M. Intravesical therapy 
for bladder cancer. Expert Opin Pharmacother (2010) 11(6):947–58. 
doi:10.1517/14656561003657145 
34. Stewart JH, Levine EA. Role of bacillus Calmette-Guerin in the treatment 
of advanced melanoma. Expert Rev Anticancer Ther (2011) 11(11):1671–6. 
doi:10.1586/era.11.163 
35. Ritz N, Mui M, Balloch A, Curtis N. Non-specific effect of bacille Calmette-
Guerin vaccine on the immune response to routine immunisations. Vaccine 
(2013) 31(30):3098–103. doi:10.1016/j.vaccine.2013.03.059 
36. Flanagan KL, Klein SL, Skakkebaek NE, Marriott I, Marchant A, Selin L, et al. 
Sex differences in the vaccine-specific and non-targeted effects of vaccines. 
Vaccine (2011) 29(13):2349–54. doi:10.1016/j.vaccine.2011.01.071 
37. Flanagan KL, van Crevel R, Curtis N, Shann F, Levy O; Optimmunize 
Network. Heterologous (“nonspecific”) and sex-differential effects of vaccines: 
epidemiology, clinical trials, and emerging immunologic mechanisms. Clin 
Infect Dis (2013) 57(2):283–9. doi:10.1093/cid/cit209 
38. Flanagan KL, Plebanski M. Sex-differential heterologous (non-specific) effects 
of vaccines: an emerging public health issue that needs to be understood and 
exploited. Expert Rev Vaccines (2017) 16(1):5–13. doi:10.1080/14760584. 
2016.1203260 
39. Hansen S, Lund N, Flanagan KL, Rodrigues A, Njie-Jobe J, Sanyang LC, 
et  al. Randomized trial: the effect of oral polio vaccine at birth on polio 
antibody titers at 6 weeks and 6 months of age. Trials Vaccinol (2014) 3:33–9. 
doi:10.1016/j.trivac.2014.01.001 
40. van Gageldonk PGM, van Schaijk FG, van der Klis FR, Berbers GAM. 
Development and validation of a multiplex immunoassay for the simultaneous 
determination of serum antibodies to Bordetella pertussis, diphtheria and 
tetanus. J Immunol Methods (2008) 335:79–89. doi:10.1016/j.jim.2008.02.018 
41. Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A. Interleukin-10 and the 
interleukin-10 receptor. Annu Rev Immunol (2001) 19:683–765. doi:10.1146/
annurev.immunol.19.1.683 
42. Kaufmann SH. Tuberculosis vaccines: time to think about the next generation. 
Semin Immunol (2013) 25(2):172–81. doi:10.1016/j.smim.2013.04.006 
43. Ottenhoff TH, Kaufmann SH. Vaccines against tuberculosis: where are we 
and where do we need to go? PLoS Pathog (2012) 8(5):e1002607. doi:10.1371/
journal.ppat.1002607 
44. Brightbill HD, Libraty DH, Krutzik SR, Yang RB, Belisle JT, Bleharski JR, 
et  al. Host defense mechanisms triggered by microbial lipoproteins 
through toll-like receptors. Science (1999) 285(5428):732–6. doi:10.1126/
science.285.5428.732 
45. Noho-Konteh F, Adetifa JU, Cox M, Hossin S, Reynolds J, Le MT, et  al. 
Sex-differential non-vaccine specific immunological effects of diphtheria- 
tetanus-pertussis and measles vaccination. Clin Infect Dis (2016) 63(9):1213–
26. doi:10.1093/cid/ciw492
46. Davids V, Hanekom WA, Mansoor N, Gamieldien H, Gelderbloem SJ, 
Hawkridge A, et al. The effect of bacille Calmette-Guerin vaccine strain and 
route of administration on induced immune responses in vaccinated infants. 
J Infect Dis (2006) 193(4):531–6. doi:10.1086/499825 
47. Ritz N, Hanekom WA, Robins-Browne R, Britton WJ, Curtis N. Influence of 
BCG vaccine strain on the immune response and protection against tuber-
culosis. FEMS Microbiol Rev (2008) 32(5):821–41. doi:10.1111/j.1574-6976. 
2008.00118.x 
48. Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins linking 
innate and acquired immunity. Nat Immunol (2001) 2(8):675–80. doi:10.1038/ 
90609 
49. Jensen KJ, Larsen N, Biering-Sorensen S, Andersen A, Eriksen HB, 
Monteiro I, et al. Heterologous immunological effects of early BCG vaccina-
tion in low-birth-weight infants in Guinea-Bissau: a randomized-controlled 
trial. J Infect Dis (2015) 211(6):956–67. doi:10.1093/infdis/jiu508 
50. Tsuji S, Matsumoto M, Takeuchi O, Akira S, Azuma I, Hayashi A, et  al. 
Maturation of human dendritic cells by cell wall skeleton of Mycobacterium 
bovis bacillus Calmette-Guérin: involvement of toll-like receptors. Infect 
Immun (2000) 68(12):6883–90. doi:10.1128/IAI.68.12.6883-6890.2000 
51. Uehori J, Matsumoto M, Tsuji S, Akazawa T, Takeuchi O, Akira S, et  al. 
Simultaneous blocking of human toll-like receptors 2 and 4 suppresses myeloid 
dendritic cell activation induced by Mycobacterium bovis bacillus Calmette-
Guerin peptidoglycan. Infect Immun (2003) 71(8):4238–49. doi:10.1128/
IAI.71.8.4238-4249.2003 
52. Scriba TJ, Kalsdorf B, Abrahams DA, Isaacs F, Hofmeister J, Black G, et al. 
Distinct, specific IL-17- and IL-22-producing CD4+ T cell subsets contribute 
to the human anti-mycobacterial immune response. J Immunol (2008) 
180(3):1962–70. doi:10.4049/jimmunol.180.3.1962 
53. Hoe E, Anderson J, Nathanielsz J, Toh ZQ, Marimla R, Balloch A, et al. The 
contrasting roles of Th17 immunity in human health and disease. Microbiol 
Immunol (2017) 61(2):49–56. doi:10.1111/1348-0421.12471
54. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol 
(2016) 16(10):626–38. doi:10.1038/nri.2016.90 
55. Flanagan KL, Jensen KJ. Sex differences in outcomes of infections and vacci-
nations in under five-year-old children. In:  Klein  SL,  Roberts  CW, editors. 
Sex and Gender Differences in Infection and Treatments for Infectious Diseases. 
Switzerland: Springer International Publishing (2015). p. 273–312.
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2017 Darboe, Adetifa, Reynolds, Hossin, Plebanski, Netea, Rowland-
Jones, Sutherland and Flanagan. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.
